Abstract Aging markedly affects mitochondrial biogenesis and functions particularly in tissues highly dependent on the organelle's bioenergetics capability such as the brain's frontal cortex. Calorie restriction (CR) diet is, so far, the only intervention able to delay or prevent the onset of several age-related alterations in different organisms. We determined the contents of mitochondrial transcription factor A (TFAM), mitochondrial DNA (mtDNA), and the 4.8-kb mtDNA deletion in the frontal cortex from young (6-monthold) and aged (26-month-old), ad libitum-fed (AL) and calorie-restricted (CR), rats. We found a 70 % increase in TFAM amount, a 25 % loss in mtDNA content, and a 35 % increase in the 4.8-kb deletion content in the aged AL animals with respect to the young rats. TFAM-specific binding to six mtDNA regions was analyzed by mtDNA immunoprecipitation and semiquantitative polymerase chain reaction (PCR), showing a marked age-related decrease. Quantitative realtime PCR at two subregions involved in mtDNA replication demonstrated, in aged AL rats, a remarkable decrease (60-70 %) of TFAM-bound mtDNA. The decreased TFAM binding is a novel finding that may explain the mtDNA loss in spite of the compensatory TFAM increased amount. In aged CR rats, TFAM amount increased and mtDNA content decreased with respect to young rats' values, but the extent of the changes was smaller than in aged AL rats. Attenuation of the age-related effects due to the diet in the CR animals was further evidenced by the unchanged content of the 4.8-kb deletion with respect to that of young animals and by the partial prevention of the age-related decrease in TFAM binding to mtDNA.
aged AL animals with respect to the young rats. TFAM-specific binding to six mtDNA regions was analyzed by mtDNA immunoprecipitation and semiquantitative polymerase chain reaction (PCR), showing a marked age-related decrease. Quantitative realtime PCR at two subregions involved in mtDNA replication demonstrated, in aged AL rats, a remarkable decrease (60-70 %) of TFAM-bound mtDNA. The decreased TFAM binding is a novel finding that may explain the mtDNA loss in spite of the compensatory TFAM increased amount. In aged CR rats, TFAM amount increased and mtDNA content decreased with respect to young rats' values, but the extent of the changes was smaller than in aged AL rats. Attenuation of the age-related effects due to the diet in the CR"mitochondrial theory of aging" (Harman 1972; Lee and Wei 2007; Linnane et al. 1989; Miquel and Fleming 1986) implies that the age-dependent dysfunction of the mitochondrial respiratory complexes leads to a reduced amount of synthesized adenosine triphosphate (ATP) and the progressive decline in the bioenergetics capability of the cell. The mitochondrial involvement in aging is tissue-specific (Park and Prolla 2005) and is particularly relevant within tissues such as the brain, heart, and skeletal muscle that have a high dependence on oxidative metabolism (Chabi et al. 2008; Wallace 2005) . The other relevant and common feature of aging is an increased presence of reactive oxygen species (ROS), by-products of the mitochondrial respiratory complexes. This results in oxidative damage to mitochondrial DNA (mtDNA), proteins, and lipids and contributes to genome instability and the aging phenotype. Eventually, the increased presence of ROS and the related oxidative damages lead to cell loss through mitochondrial-or death receptor-mediated apoptosis (Circu and Aw 2010; Pollack and Leeuwenburgh 2001) . As a consequence of oxidative stress, mtDNA can undergo quantitative and qualitative alterations (bases modifications, abasic sites, single-and doublestrand breaks, point mutations, and large-sized deletions) that affect its structure and function. Age-related changes in the mtDNA content have often been found in various mammalian tissues (Barazzoni et al. 2000; Barrientos et al. 1997; Dinardo et al. 2003; Lee et al. 1998; McInerny et al. 2009; Pesce et al. 2001 Pesce et al. , 2005 Short et al. 2005) , as well as in single cells (Blokhin et al. 2008) . Large-sized deletions are among the most investigated qualitative alterations of mtDNA. They can remove up to more than one half of the mitochondrial genome and have been causally related to the aging process (Wiesner et al. 2006 ) and the onset of agerelated disorders . These deletions are often delimited by two 12-to 16-nucleotide-long direct repeats (direct repeat 1 and direct repeat 2) and accumulate with aging, although at different levels in postmitotic (e.g., brain and skeletal muscle) (Pesce et al. , 2005 Soong et al. 1992) as well as mitotic tissues (e.g., liver, lung, and kidney) (Gadaleta et al. 1992; Yowe and Ames 1998) . Rat mtDNA carries a 4.8-kblong deletion, delimited by two 16-nucleotide-long DRs, which accumulates in various tissues, including aged brain (Cassano et al. 2004; Kang et al. 1998) .
To date, calorie restriction (CR) diet is the only experimental approach that consistently delays or prevents the onset of several age-related alterations in organisms, ranging from yeast to mammals (Civitarese et al. 2007; Guarente 2008; Masoro 2000) . Such treatment (Carter et al. 2007; Fontana 2009 ) induces both changes shared by all tissues as well as marked tissue-specific effects (Anderson and Weindruch 2010; Kim et al. 2008; Opalach et al. 2010; Rangaraju et al. 2009; Seo et al. 2006) . The common changes include: (a) coordinated increase in the expression of genes involved in the mitochondrial energy metabolism; (b) improved sensitivity of insulin signaling; (c) increased levels of the circulating adipokine, adiponectin, which counteract some wellrecognized features of the aging process. An analysis of various CR possible mechanisms indicates that they are all rooted in the response to the decreased energy availability and lead, through metabolic reprogramming, to an altered metabolic state that facilitates longevity. Such mechanisms include sirtuins activation, increase of PGC-1α expression and activity, activation of the energy-sensitive (AMPK) or nutrientsensitive (mTOR) regulators (reviewed in Anderson and Weindruch 2010) and might imply very consistently the reduction in the age-related oxidative stress (Barja 2007; Guarente 2008 ) and its effects (Aspnes et al. 1997; Bua et al. 2004; Cassano et al. 2004 Cassano et al. , 2006 Kang et al. 1998; Stuart et al. 2004) .
A key component involved in mtDNA replication and maintenance is mitochondrial transcription factor A (TFAM) (Kanki et al. 2004) . TFAM is a highmobility group protein that was discovered and characterized initially for its function in mitochondrial transcription (Fisher and Clayton 1988) . Further studies demonstrated that TFAM is also implicated in the regulation of mtDNA copy number (Larsson et al. 1998) . In fact, in the various tissue-specific TFAM knockout mutant mice, a direct relationship between TFAM amount and mtDNA content was reported (Ekstrand et al. 2004; Silva et al. 2000; Wang et al. 1999) . Furthermore, TFAM has been shown to be intricately involved in the constitution of mtDNA nucleoids and the maintenance of the organelle genome (Kaufman et al. 2007 ). TFAM has also been suggested to be a member of a system responsible for the sensing and repair of oxidative damage to mtDNA (Canugovi et al. 2010; Yoshida et al. 2002) . Data about changes of TFAM content in various tissues during aging show a trend toward an increase (Dinardo et al. 2003; Lezza et al. 2001) . Pesce et al. (2005) found in the soleus skeletal muscle, a tissue highly dependent on mitochondrial oxidative metabolism, a relevant age-related increase in TFAM, which was, however, associated with a reduction in mtDNA content.
Here, we decided to measure not only TFAM amount and mtDNA content, but also the in vivo binding activity of TFAM in rat frontal cortex, one among the brain areas mostly affected by the age-related mitochondrial dysfunction (Navarro et al. 2008; Navarro and Boveris 2010) . In aged AL rats, we found age-related increased amount of TFAM, loss of mtDNA content, increased content of the 4.8-kb deletion, and decreased TFAM binding to mtDNA. CR animals showed an attenuation of the age-related alterations; in particular, they presented a 4.8-kb deletion content similar to that of young animals and a partially preserved TFAM binding to mtDNA. These data support a mechanism in which the lack of correspondence between TFAM and mtDNA contents in aging depends on decreased binding of TFAM to mtDNA with CR able to attenuate the agerelated effects.
Materials and methods

Samples
The study was approved by the Institutional Animal Care and Use Committee at the University of Florida. All procedures were performed in accordance with the National Institutes of Health (NIH) guidelines for the care and use of laboratory animals. Frontal cortex samples used in this study were from male Fischer 344 rats obtained from the NIH barrier-raised rodent colony and housed at the Division of Biology of Aging, Department of Aging and Geriatric Research, College of Medicine, University of Florida, Gainesville, FL, USA. The animals consisted of the following groups: 6-month-old ad libitum-fed (YOUNG, n06), 26-month-old ad libitumfed (AL, n06), and 26-month-old calorie-restricted (CR, n06) rats. Specifically, for the immunoprecipitation experiments, we examined all six animals of each group, but in the process of setting up such technique, we completely finished the samples of two rats from every group. Therefore, the content of TFAM, mtDNA, and the 4.8-kb deletion, as well as the TFAM-bound mtDNA amounts, was determined using the samples from the remaining four rats for each group. CR diet had been initiated at 3.5 months of age (10 % restriction), raised to 25 % restriction at 3.75 months, and kept at 40 % restriction from 4 months until the end of each animal's life. Such composition of the CR diet, implying decreasing percentages of food intake over time, has been often utilized (Barger et al. 2008 ) and its rationale (Pugh et al. 1999 ) mainly lies in the possibility for animals to get gradually acclimated to the final reduction of food in the CR diet. Animals were anesthetized before being sacrificed and samples from the frontal cortex immediately removed, snap-frozen in isopentane cooled by liquid nitrogen, and stored in liquid nitrogen until further use.
Western blotting
Total proteins were extracted from frontal cortex samples obtained from young and aged AL and CR animals. Approximately 100 mg of each frozen sample was ground with a mortar and pestle and suspended in 600 μl of lysis buffer (220 mM mannitol, 70 mM sucrose, 20 mM Tris-HCl pH 7.4, 5 mM MgCl 2 , 5 mM ethylene glycol tetraacetic acid (EGTA), and 1 mM ethylenediaminetetraacetic acid (EDTA)). Cell lysates were precleared by centrifugation in an Eppendorf microfuge at 12,000 rpm for 10 min and the supernatant fraction containing proteins was recovered. Proteins were quantified with the Bradford method (Bio-Rad Laboratories Inc., Hercules, CA, USA) according to the supplier's instructions. Total proteins (10 μg) were separated by gel electrophoresis on 4-12 % Bis-Tris Criterion XT precast gels (Bio-Rad Laboratories Inc., Hercules, CA, USA) and electroblotted onto polyvinylidene fluoride membranes (Amersham Pharmacia Biotech Inc., Piscataway, NJ, USA). The membranes were blocked for 1 h in 5 % milk in 1X phosphatebuffered saline (PBS)/Tween 20 (0.15 M NaCl, 0.1 mM KH 2 PO 4 , 3 mM Na 2 HPO 4 , 0.1 % Tween 20) and probed with TFAM (1:25,000) and β-actin (1:10,000; SigmaAldrich Corp., St. Louis, MO, USA). Membranes were then incubated with antirabbit secondary antibody conjugated with horseradish peroxidase at a dilution of 1:10,000 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). Membranes were washed in PBS (three times of 15 min each) and proteins were subsequently visualized with an enhanced chemiluminescence kit (ECL-Plus; Amersham Pharmacia Biotech Inc., Piscataway, NJ, USA). Autoradiographs were analyzed by laser densitometry with the Chemi Doc System and Quantity One software (Bio-Rad Laboratories Inc., Hercules, CA, USA). Preliminary titration experiments allowed us to establish the amounts of protein extracts (2.5-25 μg) which gave a signal in the linear range of the relation: densitometric value/blotted proteins. Different exposures of each western blot, in the time range between 1 s and 5 min, were taken to ensure the linearity of the response for all assayed proteins. The densitometric value of the optical density (OD) units of each TFAM band was then related to the OD units number of the respective band of β-actin (in the corresponding lane).
Measurement of mtDNA content and mtDNA 4.8-kb deletion content mtDNA content was measured using quantitative realtime polymerase chain reaction (qRT-PCR). RT-PCR amplification reactions were performed via SYBR Green chemistry on an ABI PRISM 7000 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). The primers were accurately designed with the Primer Express software (Applied Biosystems, Foster City, CA, USA), respectively, for the rat mitochondrial D-loop region (numbering is according to GenBank™ accession number AY172581) and for the rat nuclear β-actin gene (numbering is according to GenBank™ accession number VO1217.1) and are listed in Table 1 . The method has been validated by primer-limiting experiments to determine the proper primer concentrations (200 nM for each primer pair) and by evaluating the equal reaction efficiency of the two amplicons. Amplification specificity was controlled by melting curve analysis and gel electrophoresis. Each sample was analyzed in triplicate in 25 μl of final volume and fluorescence spectra were monitored by the ABI PRISM 7000 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). The reaction mixture consisted of iTaq SYBR Green Supermix PCR 1X Master Mix (BioRad Laboratories Inc., Hercules, CA, USA), 0.2 μM forward and reverse primers, and DNA template (2.5 μl of diluted 1:10). After 10 min of denaturation at 95°C, amplification proceeded for 40 cycles, each consisting of denaturation at 95°C for 15 s, annealing, and extension at 60°C for 1 min. The quantification of the relative mtDNA content in AL and CR rats, compared to young rats, all normalized to β-actin, was performed according to the Pfaffl mathematical model (Pfaffl 2001) .
The content of the 4.8-kb deletion was measured by qRT-PCR. RT-PCR amplification reactions were performed via SYBR Green chemistry on an ABI PRISM 7000 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). The primers were accurately designed with the Primer Express software (Applied Biosystems, Foster City, CA, USA), respectively, for the rat mtDNA 4.8-kb deleted region and for the rat mtDNA, generally undeleted, D-loop region (numbering is according to GenBank™ accession number AY172581) and are listed in Table 1 . The method has been validated by primer-limiting experiments to determine the proper primer concentrations (200 nM for each primer pair) and by evaluating the equal reaction efficiency of the two amplicons. Amplification specificity was controlled by melting curve analysis and gel electrophoresis. Each sample was analyzed in triplicate in 25 μl of final volume and fluorescence spectra were Mitochondrial DNA immunoprecipitation
The binding of TFAM to specific regions of mtDNA was analyzed using mitochondrial DNA immunoprecipitation (mIP) following the procedure described by Lu et al. (2007) with some modifications. At the beginning, to 100 mg of frozen tissue, 250 μl of a cold formaldehyde cross-linking solution 1X (1 % formaldehyde, 5 mM HEPES pH 8.0, 10 mM NaCl, 0.1 mM EDTA pH 8.0, 0.05 mM EGTA) were added and incubated for 15 min at room temperature. Cross-linking was terminated by adding 0.125 M glycine and incubating at room temperature for 10 min. Tissues were then briefly homogenized (Heidolph DIAX 900, Heidolph Instruments GmbH & Co. KG, Schwabach, Germany) and centrifuged twice at 3,000 rpm for 5 min. The pellet was washed with 1 ml of PBS (135 mM NaCl, 10 mM Na 2 HPO 4 , 2.7 mM KCl, 1.8 mM KH 2 PO 4 pH 7.4), suspended with 1 ml of homogenization buffer (100 mM Tris-HCl pH 8.0, 100 mM NaCl, 30 mM MgCl 2 , 0.1 % NP-40, 0.1 mM phenylmethylsulfonyl fluoride (PMSF)) and manually homogenized with a pestle. The homogenized sample was centrifuged at 3,000 rpm for 5 min and the pellet was incubated in lysis buffer (0.5 % Triton X-100, 300 mM NaCl, 50 mM Tris-HCl pH 7.4, containing 100 μg/ml leupeptin and 200 μM PMSF) for 10 min at room temperature. Cellular DNA was sheared by sonication using a Branson Sonifier (Hielscher Ultrasonics GmbH, Teltow, Germany) fitted with a microtip (Power 6, duty cycle constant) for 30 s followed by a pause for 30 s and repeated ten times. The size of produced DNA fragments ranged mainly between 500 and 900 bp and was checked by electrophoresis on a 1.2 % agarose gel containing ethidium bromide (0.5 μg/ml) in 1X TAE buffer (40 mM Tris-HCl, 20 mM acetic acid, 1 mM EDTA pH 8.3). Each sample was diluted with three volumes of frozen storage buffer (5 mM EDTA, 20 mM Tris-HCl pH 7.5, 50 mM NaCl). Tissues extracts were precleared with 75 μl of protein A agarose/salmon sperm 50 % DNA (Upstate, distributed by Millipore Corporate Headquarters, Billerica, MA, USA) for 2 ml of sample on a rotator at 4°C for 30 min. After centrifugation at 1,000 rpm for 1 min, each sample was divided into four aliquots: the first one (100 μl) was not immunoprecipitated and represented the input, at this point stored at −80°C until the cross-linking reversal; the other three aliquots (100 μl each) were incubated overnight at 4°C, respectively, with a rabbit anti-TFAM antibody (1:50 dilution), a nonspecific rabbit anti-β-actin antibody (1:100 dilution), and without antibody (−Ab). The following day, 15 μl of protein A agarose were added to each sample for 2 h at 4°C to isolate protein-DNA complexes. The samples were centrifuged at 1,000 rpm for 1 min and the pellets were washed: three times with 1 ml of radioimmunoprecipitation assay (RIPA) buffer (10 mM Tris-HCl pH 8.0, 1 % Triton X-100, 0.1 % sodium dodecyl sulfate (SDS), 0.1 % deoxycholate, 1 mM EDTA) containing 140 mM NaCl; three times with 1 ml of RIPA buffer containing 500 mM NaCl; three times with 1 ml of LiCl buffer (10 mM Tris-HCl pH 8.0, 0.25 M LiCl, 0.5 % NP-40, 0.5 % deoxycholate, 1 mM EDTA); and twice with 1 ml of TE (10 mM TrisHCl pH 8.0, 1 mM EDTA). Each wash lasted 5 min with rotation at 4°C and was followed by centrifugation at 1,000 rpm for 1 min. The last pellets were resuspended with TE containing 0.5 % SDS (200 μl), and together with the input, taken back from the storage at −80°C, were incubated at 65°C for 6 h for the thermal reversal of the cross-links. The DNA samples treated with specific antibodies and the −Ab samples were all precipitated by adding 20 μl of 3 M sodium acetate pH 5.2, 1 μl of 20 μg/μl glycogen, and 500 μl of cold absolute ethanol. The input DNAs (100 μl volume) were precipitated by adding 10 μl of 3 M sodium acetate pH 5.2, 1 μl of 20 μg/μl glycogen, and 250 μl of cold absolute ethanol. All samples were kept at −80°C overnight and the next day centrifuged at 13,000 rpm for 15 min at room temperature. The pellets were resuspended in 300 μl of cold 70 % ethanol, centrifuged at 13,000 rpm for 5 min at room temperature, dried, and resuspended in 200 μl of sterile ultrapure H 2 O. Ten micrograms of RNase A (50 μg/μl) was added to each sample and incubated for 1 h at 37°C. Then, 20 μg of proteinase K (100 μg/μl) and SDS (0.25 % final concentration) were added and incubated at 37°C overnight. The following day, phenol extraction with an equal volume mixture of phenol/chloroform/isoamyl alcohol (25:24:1, respectively) and a second extraction with an equal volume mixture of chloroform/isoamyl alcohol (respectively 24:1) were performed. All DNAs were precipitated overnight at −80°C by adding 20 μg of glycogen, sodium acetate pH 5.2 (0.3 M final concentration), and two volumes of cold absolute ethanol. The next day, all the samples were centrifuged at 12,000 rpm for 20 min at 4°C, resuspended in 300 μl of cold 70 % ethanol, centrifuged at 12,000 rpm for 10 min at 4°C, dried, and resuspended in 60 μl of 10 mM Tris-HCl pH 8.0. Control and mIP mtDNAs were subjected to PCR analysis using six primer pairs. Table 1 shows the primer sequences and the numerical assignment of primer pairs. PCRs were performed with 20 pmol of each primer in a 25-μl mixture (200 μM dNTPs, 1.5 mM MgCl 2 , 1X Taq Buffer, and 1 U Taq polymerase by Roche, F. Hoffmann-La Roche, Basel, Switzerland) using a Mastercycler PCR (Eppendorf Scientific, Hinz GmbH, Hamburg, Germany). Amplification conditions were as follows: one cycle at 94°C for 5 min followed by 30 cycles at 94°C for 1 min, 58°C for 1 min, 72°C for 1 min, and then finally one cycle at 72°C for 5 min. Reactions were analyzed on an ethidium bromide-stained 1.3 % agarose gel in TAE buffer (20 mM Tris acetate, 50 mM EDTA pH 8.3). The intensity of each DNA band visualized on agarose gels was analyzed by densitometry and used for the detection of specific TFAM binding by subtracting the value of the intensity of the aliquot precipitated without primary antibody from that of the TFAMimmunoprecipitated aliquot, both normalized to the value of the respective input aliquot made equal to 1. Such calculated value was compared with the intensity of the nonspecific β-actin immunoprecipitated aliquot that resulted always below 1 % of that with anti-TFAM antibody.
Quantitative RT-PCR of mIP DNA is the difference between the C T values of the input and the immunoprecipitated sample and ΔC Tb is the C T difference between the C T values of the input and the noantibody sample (Vercauteren et al. 2006 ).
Statistics
The statistical significance of differences observed between groups of animals was assessed by means of analysis of variance using Tukey's honestly significant difference post hoc test with the SPSS Base 11.5 software (SPSS Inc., Chicago, IL, USA). Data represented in the box-plot format were subsequently analyzed by Student's t test. Statistical significance for all tests was set at p<0.05.
Results
TFAM amount in brain tissue from aged, ad libitum-fed, and CR-treated rats
The experimental system chosen to investigate agerelated alterations of mitochondrial biogenesis in rat was the frontal cortex, a tissue that largely depends on mitochondrial energy supply. The amount of TFAM in the frontal cortex of young, aged, AL, and CR animals was measured by western blot experiments. As reported in Fig. 1a , b, we found a statistically significant increase (70 %) in TFAM amount in aged AL animals with respect to young rats. CR rats exhibited a lower increase (42 %) with respect to young animals; this, however, was not statistically different from that of AL rats. mtDNA content and 4.8-kb deletion content in brain tissue from aged, ad libitum-fed, and CR-treated rats Given the close relationship between TFAM and mtDNA copy number (Larsson et al. 1998 ), we determined, by RT-PCR, the mtDNA content in the three groups of previously analyzed rats. Figure 2a shows a statistically significant decrease (25 %) in mtDNA content in the aged AL animals compared to the young ones. A slightly lower mtDNA decrease (17 %) was also observed in the CR animals, although the reduction was not statistically different compared to that of the AL rats. This result indicates an age-related effect leading to mtDNA loss. We also measured, by RT-PCR, the content of the 4.8-kb mtDNA deletion in the three groups of animals since it is considered a good marker of agerelated mtDNA damage (Kujoth et al. 2007; Pesce et al. 2001 Pesce et al. , 2005 . We found (Fig. 2b ) that aged AL rats exhibited, with respect to the young animals, a statistically significant increase (35 %) of the mean deletion content. In contrast, aged CR rats showed a lower and not statistically significant increase. This result indicates the presence of a more severe damage in the AL animals and a preventive effect by CR that is able to maintain a value similar to that of the young animals.
Binding of TFAM to specific regions of mtDNA in brain from aged, ad libitum-fed, and CR-treated rats
The results about TFAM amount and mtDNA content led us to analyze a possible modulation of TFAM Fig. 1 Age-and CR-related changes of TFAM amount in the rat frontal cortex. a Representative western blot carried out in the assayed samples. The bands from top to bottom show, respectively, the signals from TFAM and β-actin. b The histogram shows the relative amount of TFAM in AL and CR rats, compared to young rats, all normalized with respect to β-actin. Bars represent the mean (±SD) of the values obtained, respectively, from analysis in triplicate of the protein extract, from each young and aged AL and CR-treated rat. *p<0.05 versus the value of the young rats (fixed as 1); n number of analyzed animals Fig. 2 Age-and CR-related changes of the relative mtDNA content and of the 4.8-kb deletion content. a The histogram shows the mean value of the ratio mtDNA/nuclear DNA in AL and CR rats, compared to young rats. Bars represent the mean (±SD) obtained, respectively, from analysis in triplicate of total nucleic acids from each young and aged AL and CRtreated rat. *p<0.05 versus the value of the young rats (fixed as 1); n number of analyzed animals. b The histogram shows the mean value of the ratio deleted mtDNA/total mtDNA in AL and CR rats, compared to young animals. Bars represent the mean (±SD) of the values obtained, respectively, from analysis in triplicate of the total nucleic acids from each young and aged AL and CR-treated rat. *p<0.05 versus the value of the young rats (fixed as 1); n number of analyzed animals binding to mtDNA with aging, also because recent findings showed that a chemically induced oxidative stress may alter the binding to mtDNA of another mitochondrial protein, namely, the Lon protease (Lu et al. 2007 ). To determine whether aging and CR may influence the in vivo binding of TFAM to some regions of mtDNA in the frontal cortex, we carried out mIP experiments. With this assay, we analyzed six mtDNA regions that included a part of the D-loop with the OriH origin of replication; the OriL origin together with a portion of the CO I gene; a part of the cytochrome b gene; and three sequences upstream of, downstream of, and containing the direct repeat 1 of the 4.8-kb deletion (Fig. 3a) . The D-loop and the OriL-containing regions were selected because of their role in mtDNA replication, involving TFAM binding. The Cyt b gene section represented a control for the binding of TFAM along mtDNA in regions not involved in particular functions. The three regions, respectively, upstream of, including, and downstream of the direct repeat 1, were chosen because of the possible involvement of TFAM in the origin of mtDNA deletions through the most recent proposed models (Fukui and Moraes 2009; Krishnan et al. 2008 ). All tested sequences were far enough apart from each other (600 bp on average) to consistently rule out the possibility of a false-positive result deriving from the amplification of too close, overlapping sequences physically immunoprecipitated by the same TFAM molecule (Ohgaki et al. 2007 ). TFAM binding was analyzed by means of a semiquantitative PCR assay in six animals for each group. Figure 3b shows the representative results of a rat, out of every group, whereas Fig. 3c reports a quantitative evaluation of the binding for all tested rats. Young rats showed a similar TFAM-specific binding at all analyzed regions. The only exception was the CO III region where TFAM binding was very low. TFAM binding was altered in the aged AL rats, being reduced at all regions. The age-related decreased binding of TFAM was largely prevented by CR since all tested rats presented a more intense signal for TFAM binding than the AL animals at every region. We believe that the reduced TFAM binding at the CO III region might be due to a poor accessibility of the protein because, although TFAM is known to bind mtDNA in a nonsequence-specific fashion, this does not necessarily imply that all regions show the same binding affinity.
Quantitative determination of TFAM-bound mtDNA in brain from aged, ad libitum-fed, and CR-treated rats
To deepen the analysis, we determined, by RT-PCR, the relative amount of TFAM-bound mtDNA at two subregions derived from those assayed with the semiquantitative PCR approach. Such regions encompassed: (1) the part of the D-loop including the light strand transcription promoter (LSP) and (2) the tRNA genes stretch enclosing OriL. The analysis was performed in the same rats that had been assayed for the various parameters previously reported in this study. We found (Fig. 4) that the mean amount of TFAMbound mtDNA in the D-loop region of aged AL rats exhibited a statistically significant decrease (73 %) with respect to that in the young animals. This Fig. 3 Age-and CR-related changes of TFAM binding to rat mtDNA regions by mIP assay. a Rat mtDNA consists of a heavy-strand (outer circle) and a light-strand (inner circle) that code for the 12S and 16S rRNAs and 22 tRNAs genes (singleletter codes indicated under the corresponding tRNA genes) and subunits of the oxidative phosphorylation complexes: NADH dehydrogenase subunits (ND1-6 and ND4L), cytochrome b (Cyt b), cytochrome c oxidase subunits (CO I-III), and ATP synthase subunits (A6, A8). The thick arches extending out of the circles represent the six mIP amplified regions delimited, respectively, by the primer pairs: Table 1 , and corresponding to the indicated nucleotides. Numbering is according to GenBank™ accession number AY172581. The outmost arch represents the 4.8-kb deletion, delimited by direct repeat 1 (DR1) and direct repeat 2 (DR2). b Semiquantitative PCR of mIP assay. Representative results of PCR amplifications of the mIP-derived templates from a young rat, an AL aged rat, and a CR aged rat for the indicated regions. The specific primer pairs and the amplified genetic region are indicated on the left side of the gel. The PCRs contained either input DNA (i) or mIP mtDNA immunoprecipitated with TFAM (T) or mIP mtDNA immunoprecipitated with β-actin (A) or mIP mtDNA immunoprecipitated with no antibody (−Ab). c Quantitative evaluation of TFAM binding results in the three groups of animals after the mIP assay performed at five mtDNA regions (the results for the CO III region were not evaluated due to the very reduced TFAM binding at this region in all groups of animals). The groups of assayed animals included, respectively, six young, six AL, and six CR rats and their values were represented in the box-plot format. The box contains the middle 50 % of the data (with the upper edge and the lower edge representing the 75th and 25th percentiles, respectively); the horizontal line within the box represents the median value. The filled lines indicate the minimum and maximum data values for each rat group, unless data points extend further than 1.5 times the interquartile range, in which case these values are represented as individual points aging-related effect was partially prevented by CR, as in these animals, TFAM-bound mtDNA decreased by only 48 % with respect to the amount in the young animals. This value was significantly different also from the AL rats counterpart. Similar results were obtained for the OriL region, where a 61 % reduction in the mean amount of TFAM-bound mtDNA was found in the aged AL animals with respect to the value in the young rats. Also, in this case, CR rats exhibited a lower decrease in TFAM-bound mtDNA (48 %), although it was not statistically different from the value of the AL animals.
Discussion
The present study reports the effects of aging and CR on the content of TFAM, mtDNA, and the 4.8-kb deletion, as well as on TFAM binding to specific regions of mtDNA in the rat frontal cortex. This brain area depends considerably on mitochondrial functionality as documented by the large number of papers describing agerelated mitochondrial dysfunctions such as decreased rate of electron transfer in complex I and complex IV, decreased membrane potential, and increased content of macromolecular oxidized products (Bagh et al. 2011; Frenzel et al. 2010; Gilmer et al. 2010; Guevara et al. 2009 Guevara et al. , 2011 Navarro and Boveris 2010; Navarro et al. 2008) . In this brain area, we found that AL rats presented an age-related increase in TFAM amount, which was not associated with an increase in mtDNA content, but with a mtDNA decrease. Moreover, the in vivo binding capacity of TFAM to mtDNA was markedly reduced in AL animals. AL rats also showed an increase in the 4.8-kb deletion content with respect to the young rats' value. These data were obtained in a limited number of animals (four to six for each group); however, the determined results were homogenous and produced clear, statistically significant data.
The increase in TFAM with aging can be due either to an enhancement of its expression or to a slower degradation. The age-related increased expression and binding activity of NRF-1, a positive regulator of TFAM expression, was previously described in human skeletal muscle . On the other hand, reduced TFAM degradation can also occur and it may be linked to the decreased expression and activity with aging of the Lon mitochondrial protease (Bakala et al. 2003; Bota et al. 2002) . Support for this possibility comes from recent findings in Drosophila Schneider cells where Lon protease appears to control mtDNA copy number through selective degradation of TFAM (Matsushima et al. 2010) .
Regarding the mtDNA decrease with aging, previous findings from some of us did not show any age-related change in the whole-brain mtDNA content (Cassano et al. 2006) ; however, they are not comparable to the present results for two main reasons. Firstly, those data were obtained in whole cortex samples and not in the frontal cortex as in this paper. It is now well-established that determinations performed in the whole brain tissue, rather than in specific areas, lead to mean tissue values that may overlook specific brain area differences (see Bender et al. 2008; McInerny et al. 2009; Meissner et al. 2008) . Secondly, Cassano et al. (2006) used, as counterpart in the comparison with the mtDNA content of old animals, 12-month-old rats; this age, according to recent reports (Kadish et al. 2009 ), can be placed in the midlife age range. On the contrary, rats here used as the AL counterpart are 6 months of age and can be truly considered as young animals.
In addition, our data reporting mtDNA loss with aging in the rat frontal cortex are in agreement with previous reports, such as that by McInerny et al. (2009) , who described mtDNA decrease in rat cerebral cortex, and with several other reports in various rat tissues such as skeletal muscle and liver (Barazzoni et al. 2000) as well as in humans (Short et al. 2005) .
It may be argued that, here, the reported changes in TFAM and mtDNA could also depend on age-related alterations in the cell composition of the frontal cortex such as an increase in astrocytes density and/or a neuronal loss. This possibility seems unlikely for Table 1 . The calculation of the amount of TFAM-bound mtDNA was performed according to the formula 2 ΔCTx À 2 ΔCTb , where ΔC Tx is the difference between the C T values of the input and of the immunoprecipitated sample and ΔC Tb is the C T difference between the C T values of the input and of the no-antibody sample. The obtained results were then normalized with respect to the mean value of TFAM-bound mtDNA in the D-loop region from young animals. Bars represent the mean (±SD) of the relative amounts of TFAM-bound mtDNA derived from each of the assayed animals in the specific group. *p<0.05 versus the value of the young rats (fixed as 1); #p<0.05 versus the amount from the same region of aged AL rats; n number of analyzed animals several reasons. Reports on variations of astrocytes density during aging are conflicting, with papers showing either increase, decrease, or no change (see Mansour et al. 2008) . At most, Cotrina and Nedergaard (2002) reported a 20 % increased density with aging. Considering that astrocytes contain a threefold to fourfold lower amount of mitochondria than neurons (Alano et al. 2007) , their eventual slight increase with aging should not particularly affect the content of mtDNA and of mitochondrial proteins such as TFAM. For what concerns neurons, it is now widely accepted that brain aging does not imply a loss of neurons, especially in the rat frontal cortex, but rather structural changes of neurons that alter their function (Grill and Riddle 2002; Peinado et al. 1993; Turlejski and Djavadian 2002) . Therefore, we can conclude that the changes in TFAM and mtDNA content are not the result of a variation in cellular population during aging, but are truly due to the effect of age. A novel finding that comes out from this paper concerns the age-related decrease in TFAM binding to mtDNA; this can provide an explanation for the discrepancy between increased TFAM and mtDNA loss, a result that was also previously reported by Pesce et al. (2005) in rat soleus muscle. The lower binding to the D-loop region, where the two HSP and LSP promoters are localized, could determine a reduced rate of mitochondrial transcription. Interestingly, such an event was described in the cerebral hemispheres of aged rats (Gadaleta et al. 1990 ). Decreased mitochondrial transcription can severely affect the production of the primer for H-strand synthesis and then mtDNA content; this is consistent with the 25 % mtDNA loss that we observed in the aged AL animals. The reduced TFAM binding to mtDNA may also alter its histonelike protective function, leading to increased oxidative damage to mtDNA, indicated by the raised content of the 4.8-kb deletion. The decreased binding might also affect TFAM repair activity, as the protein has been recently identified as a member of the mitochondrial BER system and the regulation of its binding to mtDNA has been suggested to be involved in the modulation of the repair activity and in the maintenance of mtDNA integrity (Canugovi et al. 2010) . The mechanism responsible for TFAM reduced binding is not yet known and needs further investigations. In principle, it might be due to the oxidative stress that can induce either mtDNA damage (reviewed in Druzhyna et al. 2008 ) and/or age-dependent protein modifications (Dinardo et al. 2003; Musicco et al. 2009; Ugarte et al. 2010) .
Regarding the effect of CR, we found that it did not significantly affect mtDNA content and TFAM amount compared to AL feeding, although CR rats exhibited a trend in approaching the values of the young. However, the attenuation by CR was significant looking both at the content of the 4.8-kb deletion, which was similar to that of young rats, and at the binding activity of TFAM, which clearly showed an improvement in CR animals with respect to AL ones. Altogether, these results, even interpreted in a cautious manner, underlie a cortexspecific, mild protective effect by CR in old animals. Support for the protective action by CR on mitochondrial functions comes from the data by Sanz et al. (2005) , showing that CR in brain mitochondria reduces the age-related increased production of ROS at complex I (20 % decrease) by improving the efficiency of mitochondria in avoiding electron leaks at that complex as well as from other studies (Aspnes et al. 1997; Barja 2007; Bua et al. 2004; Cassano et al. 2004 Cassano et al. , 2006 Kang et al. 1998; Quintas et al. 2012; Stuart et al. 2004) . Additional studies, performed in different areas of the rat brain, including some cortical regions, support the hypothesis about the attenuation of some age-induced alterations by CR (Kaur et al. 2008; Shi et al. 2007 ). In particular, Shi et al. (2007) identified a brain-specific possible mechanism of CR action through the induction of stability or homeostasis of some crucial neural parameters, usually declining with aging. Such CR-induced homeostasis should involve an enhanced defense also against external insults as the age-related, accumulating oxidative stress. The enhanced neuroprotection might be obtained by CR also through the upregulation of neuronal survival factors and neurotrophic factors, active in modulating the expression of apoptotic regulatory proteins (Hiona and Leeuwenburgh 2004) .
In conclusion, this work shows that mtDNA content might be regulated not only by the amount of the factors involved in mtDNA replication and maintenance, such as TFAM, but also by means of their activity. Further work will be needed to clarify the mechanisms responsible for the reduced binding of the protein as well as whether other proteins, such as those involved in mtDNA replication and in mitochondrial dynamics (Seo et al. 2010) , change their activity during aging and in response to CR.
